The capacity of adult barrel cortex to show experience-dependent plasticity after early restricted neonatal sensory deprivation was analyzed in barrel field cortex neurons. Selective sensory deprivation was induced by trimming two whiskers from postnatal day 0 (P0) to P21, namely, the principal D2 whisker plus one adjacent surround whisker (D3). At maturity (P90), responses of supragranular (layer II/III) and barrel (layer IV) neurons, all located in the D2 barrel column, were analyzed for modified responses to the deprived principal whisker (D2) and the nondeprived (D1) and deprived (D3) adjacent surround whiskers. For supragranular neurons, the responses to both principal and surround whiskers were reduced at maturity, whereas the barrel neurons showed mildly elevated responses to the principal whisker but a reduced response to the deprived surround whisker. In normal adult rats, trimming all but the principal D2 whisker and an adjacent D3 whisker for 3 d (whisker pairing) produced the expected bias: elevated responses from the intact D3 compared with the cut D1 whisker in both barrel and supragranular neurons. When the neonatally deprived D2 and D3 whiskers were paired at maturity, a similar D3/D1 bias was generated in barrel neurons, but no bias occurred in supragranular neuron responses. Pairing the maintained D1 and deprived D2 whiskers produced a much greater bias toward D1 compared with the deprived D3 whisker in barrel neurons than in supragranular neurons. There were minimal effects on response latencies in layer IV under any of the experimental conditions. These findings indicate that a restricted period of sensory deprivation in early postnatal life (1) impairs intracortical relay of deprived inputs from layer IV to layer II/III in barrel cortex at maturity and (2) degrades receptive field plasticity of the supragranular layer cells but not the thalamic-recipient barrel neurons.
Introduction
showed that restricted monocular visual experience during a critical postnatal period leads to degraded visual cortex responses to the deprived eye, and that these responses are still apparent after kittens or monkeys mature. Similar experiments at maturity failed to modify receptive fields. However, in the somatosensory system it is now well established that plasticity to peripheral nerve damage in the primary somatosensory (SI) cortex can be achieved in adult animals (Kalaska and Pomeranz, 1979; Rasmusson, 1982; Merzenich et al., 1983) . More recently, it has been shown that simple changes in behavioral use can modify SI cortical representations. For example, behavioral tactile training expands the relevant SI cortical columns in monkeys (Clark et al., 1988; Recanzone et al., 1992a,b) , and the altered use of selected whiskers in adult rats potentiates barrel cortical neuron responses to those whiskers (Diamond et al., 1993; Armstrong-James et al., 1994) . In adult rats, the effect of deprivation is maximal for the cortical columns that receive low levels of activity from the deprived periphery (Simons and Land, 1987; Wallace et al., 2001) .
Because it is now established that the SI cortex exhibits continued cortical plasticity throughout life, we were interested in the influence of early sensory deprivation on the subsequent plasticity of SI cortical neurons after the animals grow to maturity. We ask two questions in this study: (1) Does sensory deprivation of only two neighboring tactile inputs (whiskers) in neonatal rats produce deficits in sensory processing restricted to their target barrel columns at maturity? (2) Do the neonatally deprived inputs exhibit specific failures to generate barrel-column plasticity to novel sensory experience at maturity? We report that trimming two adjacent whiskers from birth for 21 d compromises the responses of supragranular neurons (layer II/III), but not layer IV neurons, to these whiskers at maturity. In addition, paired use of the neonatally trimmed whiskers at maturity fails to induce sensory plasticity in supragranular neurons, whereas barrel neurons retain their ability to modify responses to this novel experience.
Materials and Methods
All animals were male Long-Evans rats bred in-house. All experimental procedures were approved by the Vanderbilt University Committee on Animal Use in accordance with National Institutes of Health guidelines.
Experimental groups. The experimental design required comparisons of neurotransmission for neurons in the D2 barrel (layer IV) and supragranular (layer II/III) layers above the D2 barrel in the SI cortex. Thus, recordings were restricted to D2 barrel-column neurons in all animals. Measurements were made in normally reared rats and in rats with early sensory deprivation [from postnatal day 0 (P0) to P21]. Five groups of five to eight animals were prepared on the basis of the animal's previous experience of whiskers D1, D2, and D3 before recording (Fig. 1 ). These groups were as follows. (1) NOR indicates normal adult animals with all whiskers always intact. (2) NOR-wp indicates normal adult whiskerpaired (WP) animals, meaning that all except the principal whisker (D2) and an in-row adjacent whisker (D1 or D3) on the right side of the face were clipped to the level of the fur for 3 d in adult rats; all whiskers on the left side of the face remained intact. During the 3 d, the spared whiskers were used for tactile exploration while the surrounding barrel columns were inactive. Receptive-field analysis under urethane anesthesia was conducted 3 d after the onset of whisker trimming. (3) NDep indicates adult animals with a history of neonatal trimming of whiskers D2 and D3 on the right side of the face to the level of the fur every day from P0 to P21. These animals were analyzed without WP as adults. (4) NDep-wp-DD indicates animals whose deprived whiskers (D2 and D3) received 3 d of WP experience at maturity (DD indicates that both deprived whiskers were paired). (5) NDep-wp-MD indicates rats whose maintained (nondeprived) D1 plus the neonatally deprived principal D2 whisker were WP for 3 d at maturity (MD indicates maintained/deprived pairing).
Experimental animals lived in standard plastic rat cages with two normal littermates during the 3 d between whisker clipping and the onset of physiological recording. Whisker-trimmed animals appeared to move around the cage in a normal manner.
Anesthesia and surgery. All animals were anesthetized with urethane (1.5 gm/kg body weight, i.p.; 30% solution in water). Core body temperature was maintained at 36.5°C by a rectal thermistor controlling a heating pad through an electronic interface. A bone opening was made from 4 to 7 mm lateral to the midline and from 0 to 4 mm posterior to bregma to expose the barrel field cortex. Because anesthetic level profoundly affects response characteristics (Armstrong-James and George, 1988; Friedberg et al., 1999) , anesthesia was maintained by supplemental urethane injections (10% of the original dose) such that layer V neurons, sampled at the end of each penetration, exhibited bursts that were characteristic of stage III slow-wave sleep and light anesthesia (2-4 bursts/ sec) (Armstrong-James et al., 1985; Fox and Armstrong-James, 1986 ). This condition enabled rats to be maintained in full but light anesthesia with no signs of discomfort. Under these conditions, long-latency and sluggish hindlimb withdrawal typically was achieved with firm pinching of the hindpaw, respiration was regular (within 80 -110 breaths/min in nearly all animals), and there was no overt whisking, spontaneous movement, or whisker tremor.
Single-neuron electrophysiological recording. Single-unit recording was performed using carbon fiber microelectrodes (Armstrong-James and Millar, 1979) . Single neurons were discriminated using a BAK waveform/ window discriminator (BAK Electronics, Germantown, MD). All penetrations were radial, perpendicular to the cortical surface, through a very small slit in the dura and targeted on the D2 barrel column. Only neurons responding maximally and at the shortest latency to the D2 whisker were analyzed. Microelectrodes were advanced with three-dimensional microdrives with an accuracy of 5 m in all three dimensions. The positions of all penetrations were mapped together with the subpial depths of neurons. Traversing the subarachnoid space was examined optically by watching the black tip of the microelectrode contact the surface of cortex, and contact was heralded with an increase of noise by the electrode (ϳ50%). During microelectrode egress, neuron positions were invariably accurate to within 25 m. Consistent with previous studies (Armstrong-James et al., 1994) , alternate penetrations were marked by a 5 sec, 2.5 A tip-negative current that enabled locations of unmarked penetrations to be interpolated within ϳ5 m by geometric reconstruction (see below).
Whisker stimulation. Cortical cell responses were recorded to individual stimulation of the D1, D2, and D3 whiskers. Each whisker was cut to the same length of 4 -5 mm so that they could be stimulated at the same distance from the base. The whiskers on the right side of the face were stimulated using a thin wooden rod glued to one end of a piezoelectric "bimorph" ceramic wafer positioned just behind the whisker, 4 -5 mm from the skin. The wafer was deflected by a computer-gated current producing a 300 m trapezoidal anterior-to-posterior movement of the free end with rise and fall times of 0.5 msec and a total stimulus duration of 3 msec. Fifty stimuli were used for each block of trials delivered at 1 Hz. For each cell, one block of stimulus trials was presented to whisker D2 and then to each of its immediate neighbors (D1 and D3).
Data collection and analysis. Data collection was programmed with a PC computer (Dell Computer Company, Round Rock, TX) driving a 1401plus CED interface (Cambridge Electronic Design, Cambridge, UK). All raw data on the timing of action potentials were stored off-line for additional analysis. Poststimulus time histograms (PSTHs) were constructed from 1 msec bins, where bin 0 -1 was registered as the first bin after stimulus (latency 0 -1 msec). Latency histograms (LHs) were constructed for all neurons using the time bin of the first action potential generated by each stimulus. Latencies cited in the text refer to modal latencies in which the modal latency is defined as the time of the most Figure 1 . Schematic diagrams illustrating the manner in which whiskers were trimmed for early deprivation and adult whisker pairing in the various experimental groups. A, For normal adult animals (3 months of age), responses of single neurons in the D2 barrel column were documented for response to their principal D2 and surround D1 and D3 whiskers (NOR). In a second group, all whiskers except D2 and D1 or D3 were trimmed for 3 d (whisker-pairing), and D2 neurons were tested for responses to D1, D2, and D3 whisker stimulation (NOR-wp). B, For all three groups subjected to neonatal deprivation (NDep, NDep-wp-DD, and NDep-wp-MD) , only the D2 and D3 whiskers (open circles) were trimmed every day from P0 to P21. Physiological responses were tested at maturity (3 months of age). NDep, Early deprived animals not subjected to adult whisker pairing. NDep-wp DD, Animals had both early deprived whiskers (D2 and D3) acutely whisker paired as adults. NDep-wp MD, Animals had the neonatally deprived D2 whisker paired with the neonatally intact (maintained) D1 whisker. The important distinction between NDep-wp-MD and NDep-wp-DD is that the surround whisker paired in the adult transmits from a deprived barrel in one case and from a nondeprived barrel in the other case to test their ability to activate cells in the deprived D2 barrel column. See Materials and Methods for details.
common first spike (bin) after stimulus produced by the 50 stimuli (Armstrong-James and Fox, 1987) .
Analysis of PSTHs. Response magnitudes were quantified by cumulative counts of spikes generated in PSTHs during periods from 0 to100 msec after stimulus. Counts were corrected for spontaneous activity by subtracting the average number of spontaneous events per 1 msec bin occurring 100 msec before stimulus. The mean count was subtracted from each response after adjustment pro rata for the 100 msec poststimulus period. Statistical analysis was performed on exported data using nonparametric tests, either the Mann-Whitney U test (MWU) or the Wilcoxon signed-rank test with StatWorks software (Cricket Software, Malvern, PA). Only data from neurons histologically proven to be in the D2 barrel column (see below) are included in the results.
Histology. After termination of the experiment, rats were deeply anesthetized with urethane and perfused with 0.1 M PBS followed by 4% buffered paraformaldehyde. After the brain was immersed overnight in 10% sucrose in PBS, the neocortex was separated from the underlying structures, gently flattened between glass slides, and then transferred to 20% sucrose in PBS for 1 d. Tangential sections were cut at 40 m and processed for cytochrome oxidase activity (Wong-Riley and Welt, 1980). Locations of recording sites were reconstructed from the microlesions to ascertain that the recorded neurons were within the D2 barrel. A neuron was considered to be within barrel D2 if the recording site was localized within the vertical and horizontal bounds of barrel D2 in the reconstruction of cytochrome oxidase-stained tangential sections. Only neurons located within the D2 barrel column were used for this study. No neurons located in the septa between barrels or other barrel territories were included in our analysis. Figure 2 shows the mean response magnitudes of neurons in the D2 layer IV barrel to stimulation of the D-row center (D2) and surround D1 and D3 whiskers for the five groups of animals. The population of normal rat D2 barrel neurons (Fig. 2 , NOR) responds with equivalent response magnitudes to both D1 and D3 surround whiskers [p Ͼ 0.8; Wilcoxon matched-pair rank test (WMPR)]. After 3 d of D1 and D2 WP (Fig. 2 , NOR-wp), the D2 barrel neuron population shows a highly significant bias toward the paired D1 whisker compared with the unpaired D3 whisker ( p Ͻ 0.0001; WMPR).
Results

Deprivation-based alterations in receptive fields: barrel (layer IV) neurons
For the deprived conditions (Fig. 2 , bottom graphs), D2 barrelcolumn neuron plasticity is examined at maturity after neonatal cutting of D2 and D3 whiskers from P0 to P21. All whiskers were allowed to regrow (see Materials and Methods) between P21 and P90. In neonatally deprived rats that received no subsequent WP (Fig. 2, NDep) , the deprived D3 whisker produces significantly Response magnitudes (means Ϯ SEM) for neurons located in the D2 barrel in response to individual stimulation of three adjacent whiskers for the five groups of adult rats. Spike counts for each neuron were derived from 100 msec PSTHs as a result of 50 stimuli applied to one of the D1, D2, or D3 whiskers. Whisker D2 is always the principal whisker, and D1 and D3 are always the adjacent in-row surround whiskers. All data are from neurons histologically confirmed to be in the D2 barrel. For calculation of response magnitude, see Materials and Methods. NOR, Normal rats that had all whiskers maintained intact. NOR-wp, Normal rats that at maturity (90 d of age) were subjected to 3 d of whisker pairing of the D1 surround and D2 principal whiskers (see Materials and Methods). P on bars indicates the whiskers that were acutely paired at maturity in this and all subsequent figures. Bottom row, Results for neonatally deprived rats that had two whiskers (D2 and D3) cut (deprived) from P0 to P21. Note that bars for deprived whiskers are gray. NDep, Results from neonatally deprived animals without adult whisker-pairing experience at maturity. NDep-wp DD, Results from neonatally deprived animals in which two deprived whiskers (D2 and D3) were acutely whisker paired at maturity. NDep-wp MD, Results from animals in which neonatally deprived D2 and neonatally maintained D1 whiskers were paired at maturity. x-axis, Whiskers stimulated. y-axis, Response magnitude cast as spikes per 50 stimuli. Response magnitudes for surround whiskers D1 and D3 are assessed for statistical differences within each individual group (***p Ͻ 0.001; ****p Ͻ 0.0001; Wilcoxon signed-rank test). n.s, Not significant. Error bars indicate SEM. N, Number of neurons from five to eight animals in each group. Mean response magnitudes for neurons located in the supragranular layers immediately above the D2 barrel to the stimulation of whiskers D1, D2, and D3 for the five groups of adult rats. All data are from neurons in the same penetrations used to collect the barrel neuron data in Figure 2 . NOR, Results for normal rats with all whiskers intact. NOR-wp, Results from normal rats acutely whisker paired for 3 d in which D1 and D2 whiskers were paired, as indicated by P. Bottom row, Results for neonatally deprived rats that had two whiskers (D2 and D3) cut from P0 to P21. Note that bars for deprived whiskers are gray. NDep, Neonatally deprived animals without whisker-pairing experience. NDep-wp DD, Neonatally deprived animals in which two deprived whiskers (D2 and D3) were acutely whisker paired as above. NDep-wp MD, Animals in which neonatally deprived D2 and neonatally maintained D1 whiskers were whisker paired at maturity. **p Ͻ 0.01; ***p Ͻ 0.001. n.s, Not significant. For additional details, see Figure 2 .
reduced responses in D2 barrel cells compared with the maintained D1 whisker ( p Ͻ 0.005; WMPR). That is, neonatal deprivation of the D3 whisker chronically diminished the response to the D3 whisker from D2 barrel cells.
To examine the status of experience-dependent plasticity in barrel neurons in adult rats with neonatally deprived D2 and D3 inputs, these deprived whiskers (D2 and D3) were WP for 3 d at maturity (Fig. 2, NDep-wp DD) . These conditions resulted in a highly significant increase in the response of barrel neurons to the paired surround D3 whisker compared with the untrimmed D1 whisker ( p Ͻ 0.0001; WMPR). Therefore, although the depressed, deprived inputs were reduced in their ability to drive cortical cells, they could be upregulated in their effect on D2 barrel cells when challenged by WP.
If the postnatally nondeprived (maintained) D1 whisker was WP with the deprived principal D2 whisker in the adult (Fig. 2 , NDep-wp MD), then the response to the maintained D1 whisker was increased significantly compared with the cut D3 whisker ( p Ͻ 0.005; WMPR). Figure 3 shows mean response magnitudes for the five experimental groups of animals for neurons in the supragranular layers in the D2 column. These neurons were encountered above the barrel neurons in the same penetrations as the neurons in Figure  2 . Like the barrel neurons in normal rats, the supragranular neurons of the D2 barrel column exhibited equivalent response magnitudes to D1 and D3 surround whiskers (Fig. 3, NOR) . Differences in magnitude to D1 and D3 surround whiskers were not significant ( p Ͼ 0.8; WMPR). After 3 d of D1 and D2 WP in normal rats (Fig. 3,  NOR-wp) , a highly significant bias occurred toward the paired D1 whisker compared with the unpaired D3 whisker ( p Ͻ 0.005; WMPR), which was similar to activity-initiated changes in barrel neuron responses.
Alterations in receptive fields: supragranular (layer II/III) neurons
In the neonatally deprived adult rats without any acute WP (Fig. 3, NDep) , no significant D1/D3 bias occurred in the response magnitude to the neonatally intact D1 whisker in the supragranular neurons ( p Ͼ 0.8; WMPR). Therefore, in contrast to barrel neurons, neonatal deprivation of the D3 whisker did not cause a reduced response compared with the maintained D1 whisker in layer II/III. However, neonatal deprivation resulted in reduced responses to both D1 and D3 surround whiskers compared with normal rats ( p Ͻ 0.03 for D1 and D3; MWU). Response magnitude to the neonatally trimmed principal whisker D2 was also lower than that for the normal rats ( p ϭ 0.03; MWU).
When the neonatally deprived D2 and D3 inputs are paired for 3 d at maturity (Fig. 3, NDep-wp DD) , supragranular layers failed to show an increase in response to the paired surround D3 whisker ( p Ͼ 0.1 for D1 Ϫ D3 differences; WMPR) in contrast to barrel neurons.
Finally, acutely pairing the neonatally nondeprived D1 with the neonatally deprived D2 whiskers (Fig. 3, NDep-wp MD) resulted in a small but significant increase in response to the maintained D1 whisker compared with the neonatally deprived D3 whisker ( p Ͻ 0.01; WMPR).
Therefore, the results show the following: (1) when the D2 barrel column is deprived of its center and one adjacent surround whisker input during the early postnatal period of SI cortex development, the mature barrel neurons develop a bias toward the intact surround whisker at maturity, whereas supragranular neurons fail to develop this bias; and (2) after WP, the deprived inputs in the neonatally deprived rats successfully generate a bias in response to the paired deprived surround whisker for barrel neurons, similar to normal rats, but fail to generate any bias to the paired deprived whisker in supragranular neurons. Figure 4 shows the relative bias of responses toward D1 or D3 whiskers displayed on a neuron-by-neuron basis for barrel neurons in the five groups of animals. In normal animals (Fig. 4,  NOR) , in which no WP was performed, no bias is evident for barrel neurons to respond best to either the D1 or the D3 sur- Figure 4 . Cell-by-cell response bias to D-row surround whiskers D1 or D3 adjacent to the D2 whisker for neurons located only in the barrel of the D2 barrel column. Bias ratio is measured by dividing the D1 response magnitude by the sum of D1 and D3 response magnitudes for each neuron. Neurons responding only to D1 are given a value of 1, and neurons responding only to D3 are given a value of 0. Equal responses generate a value of 0.5. Neurons responding best to D3 or D1 are reflected by black or gray bars in histograms, respectively. Equal responses are indicated by white bars. Surround whisker bias is compared for normal (NOR) and WP normal (NOR-wp) rats. For the latter, the D1 whisker was paired at maturity with the D2 whisker. Surround whisker bias is shown for neonatally deprived rats without whisker pairing (NDep), with whisker pairing of neonatally deprived D2 and D3 whiskers (NDep-wp DD), and with whisker pairing of the neonatally deprived D2 and maintained surround D1 whisker (NDep-wp MD).
Neuron-by-neuron surround bias
Barrel neurons
round row whiskers ( p Ͼ 0.9; WMPR). However, 3 d of WP of D1 and D2 whiskers in normal animals (Fig. 4, NOR-wp) generates a strong bias in most D2 barrel neurons toward the paired D-row whisker D1 ( p Ͻ 0.0001; WMPR). In the neonatally deprived animals (Fig. 4, NDep) , a substantial percentage of neurons respond better to the preserved surround whisker D1 and respond less well to the neonatally deprived whisker D3 ( p Ͻ 0.004; WMPR). When the neonatally deprived D2 and D3 whiskers are acutely WP (Fig. 4, NDep-wp  DD) , a successful bias is generated toward the deprived D3 whisker and away from the paired D3 whisker ( p Ͻ 0.001; WMPR). Similarly, when the preserved D1 whisker is paired with the deprived D2 principal whisker (Fig. 3, NDep-wp MD) , a strong bias develops toward D1 and away from D3 ( p Ͻ 0.001; WMPR). These findings are in agreement with and add weight to the statistical findings for mean differences in response magnitudes to surround whiskers in the different conditions (Fig. 2) . Figure 5 shows the relative bias of responses toward either the paired or the cut whisker on a neuron-by-neuron basis for supragranular layers. Neurons were in the same penetrations as the barrel neurons described above for the five groups of animals. In the normal animals (Fig. 5, NOR) , no bias is evident for either D1 or D3 whisker ( p Ͼ 0.9; WMPR). However, acute pairing of the D1 and D2 whiskers (Fig. 5 , NORwp) generates a profound bias toward the paired whisker D1 ( p Ͼ 0.005; WMPR). In contrast to the finding for barrel neurons, the supragranular neurons of neonatally deprived animals (Fig. 5, NDep) show no bias toward either surround whisker ( p Ͼ 0.8; WMPR). After 3 d of WP of the neonatally deprived D2 and D3 whiskers (Fig. 5, NDep-wp DD) , no significant bias occurs toward the paired neonatally deprived D3 whisker ( p Ͼ 0.1; WMPR). However, when the neonatally preserved D1 whisker is paired with the neonatally deprived D2 center whisker (Fig. 5 , NDep-wp MD), a small bias toward D1 and away from D3 is generated ( p Ͼ 0.01; WMPR).
Supragranular neurons
Principal whisker (D2) transmission from barrel to supragranular layers
On the basis of latency measurements, there is strong evidence that a majority of neurons in layer II/III in barrel cortex do not fire action potentials monosynaptically in response to thalamic afferents (Armstrong-James, 1995). Therefore, the discharge of supragranular neurons in the D2 barrel column to D2 whisker inputs overwhelmingly depends on relay from layer IV neurons. Consequently, the efficacy of sensory transmission from layer IV to superficial layers should be reflected in the response magnitudes to the principal D2 whisker input in barrel neurons compared with responses in supragranular neurons in the same col- Figure 6 . Statistical comparison of D2 barrel-column response magnitudes to stimulation of the D2 principal whisker for the five groups of rats investigated. The data are derived from those shown in Figures 2 and 3 . y-axis, Response magnitude. x-axis, Experimental group. Here a paired whisker ( P) is a D2 whisker that was paired with either D1 or D3 during acute whisker pairing at maturity. Response magnitudes to the principal whisker in barrel and supragranular locations do not differ statistically for normal rats regardless of whether they were (NOR-wp) or were not (NOR) subjected to whisker pairing (MWU). For neonatally deprived animals (NDep, NDep-wp DD, and NDep-wp MD) , responses in the supragranular layers were significantly lower than for neurons in barrel locations in the same penetrations (MWU). ****p Ͻ 0.0001; *****p Ͻ 0.000001. n.s, Not significant. For additional explanation of terms, see the legend to Figure 2 . umn. The efficacy of this transmission is compared for the various groups in Figure 6 . Figure 6 compares response magnitudes produced by the principal D2 whisker in D2 barrel neurons (black bars) and in D2 supragranular neurons (gray bars). Statistical differences in response magnitude to stimulation of the same D2 whisker for supragranular and barrel neurons show a profound effect of neonatal sensory deprivation on supragranular neurons that is not present in barrel neurons. For normally reared animals, responses of supragranular neurons were not significantly different from those for the barrel neuron population ( p Ͼ 0.3; MWU). WP for 3 d increases the response of supragranular neurons to D2 and increases the response of barrel neurons ( p Ͼ 0.3; MWU). For all conditions in which neonatal deprivation of D2 and D3 whiskers was used, responses to the deprived D2 whisker were profoundly lower for supragranular neurons compared with barrel neurons ( p Ͻ 0.001 for NDep, NDep-wp-DD, and NDep-wp-MD; MWU). For transmission of D2 whisker activation from layer IV to layer II/III, the most profound decrement is observed in non-WP animals (NDep difference for D2 response magnitudes, p Ͻ 0.0001; MWU). Figure 7 compares response magnitudes for surround whisker inputs to barrel and supragranular layers under normal and neonatally deprived conditions. In Figure  7A , surround whisker responses are compared between barrel and supragranular locations for control (non-WP) and WP animals.
Surround D-row whisker transmission from barrels to supragranular layers
Responses of supragranular neurons were not significantly different from responses for barrel neurons for any surround whisker type under any condition ( p Ͼ 0.1 for control, paired, and cut; MWU). WP essentially doubled the response magnitudes to the paired surround whisker compared with controls or to cut whiskers in both barrel and supragranular neuron populations (Fig. 7A) .
In Figure 7B , surround whisker responses are compared between barrel and supragranular locations for all neonatally deprived conditions. Whisker types are grouped into those that were trimmed neonatally (deprived) and those that were not trimmed (nondeprived or maintained) during the first 3 weeks of life. For maintained surround whiskers, response magnitudes were smaller in the supragranular layers than in the barrel for both control and WP conditions ( p Ͻ 0.001 and p Ͻ 0.005, respectively). For the cut whisker in the WP condition, responses were not significantly different in supragranular and barrel neuron populations ( p Ͼ 0.05). For neonatally deprived whiskers, cortical responses to both the control and the paired whiskers were significantly smaller in the supragranular layers than for the same whiskers in the barrel layer ( p Ͻ 0.05 and p Ͻ 0.005 for control and for paired, respectively). Cut whisker response differences between supragranular and barrel neurons were not significant ( p Ͼ 0.05). In contrast to normally reared rats (Fig. 7A) , response magnitudes for all neonatally deprived whiskers (Fig. 7B) were smaller for the supragranular neuron population than for barrel neurons.
Deprivation-related latency changes
In the barrel, the D2 principal whisker latencies under all conditions exhibited rather similar distributions (Fig. 8, left) , and ϳ60% of latencies were Ͻ10 msec. Approximately 98.5% of latencies were Ͻ15 msec in barrels of normal rats, falling marginally to 91.7% with pairing. In NDep rats, 92% of latencies were Ͻ15 msec. With pairing, the Ͻ15 msec latencies in barrels changed only marginally to 88.3% for NDep-wp-DD and 94.6% for NDep-wp-MD. However, differences in latencies between barrel cells in normal rats (Fig. 8, NOR) and all other conditions (NOR-wp, NDep, NDep-wp MD, and NDep-wp DD) were not significant ( p Ͻ 0.2 in all instances; MWU). The data suggest minimal effects of neonatal deprivation and WP on latency distributions in barrel neurons of either normal or deprived rats.
In normal rats, the 36% of supragranular layer cells that fired x-axis, Experimental group. Control surround whiskers are those from rats not subjected to whisker pairing. A paired whisker is a D1 or D3 surround whisker that was paired with the D2 whisker during acute whisker pairing at maturity (P on histograms). Cut whiskers are those cut for whisker pairing at adult age. A, Response magnitudes for equivalent whiskers do not differ statistically between barrel and supragranular locations for normal rats with or without whisker pairing (MWU). B, Responses in the supragranular layers are smaller than for neurons in barrel locations in the same penetrations for control and paired whiskers, and the responses are reduced, but not significantly, for cut whiskers (MWU). *p Ͻ 0.05; ***p Ͻ 0.001; ****p Ͻ 0.0001. n.s, Not significant. For additional explanation of terms, see Figure 6 .
at longer latencies rose only marginally to 37% after WP. In contrast, for neonatally deprived rats, WP produced a decrease in long-latency supragranular cells from 49% in controls (Fig. 8 , NDep) to 41% and 27% for NDep-wp-DD (NDep-wp DD) and NDep-wp-MD (NDep-wp MD) rats, respectively (Fig. 8, right) .
Discussion
These results confirm that abnormally low activity in sensory pathways caused by whisker trimming for approximately the first month of postnatal life results in abnormal neurotransmission through barrel field cortex, as shown by the magnitude of singleunit responses in adult rats (Simons and Land, 1987) and in juvenile rats (Glazewski and Fox, 1996; Stern et al., 2001) . Plasticity induced by whisker trimming in the fully mature barrel cortex also can be demonstrated by receptive-field analysis (Diamond et al., 1993; Armstrong-James et al., 1994; Rema et al., 1998; Sachdev et al., 1998) , by deoxyglucose mapping (Kossut et al., 1988; Welker et al., 1989 Welker et al., , 1992 Welker et al., , 1996 Kossut, 1992; Siucinska and Kossut, 1994) , and by intrinsic signal-imaging techniques (Polley et al., 1999; Yazawa et al., 2001) . However, there have been no equivalent previous studies on the effect of neonatal deprivation on later use-dependent plasticity of the mature barrel cortex. Our results show that activity-induced modification of cortical cell responses is significantly impaired for months after birth in the superficial layers of specific barrel columns as a result of their previous sensory deprivation during an early postnatal period of development.
Neonatal deprivation: principal whisker transmission
Both anatomical (Kim and Ebner, 1999) and physiological (Armstrong-James et al., 1992; Feldman, 2000; Lubke et al., 2000; Sakmann, 2000, 2001) evidence shows that responses of supragranular neurons in barrel columns are driven powerfully by intracolumn relay from layer IV. Spiny and aspiny stellate cells in barrels relay to supragranular neurons through profuse axonal arbors in layer II/III, projecting almost exclusively above the barrel (Kim and Ebner, 1999) . Barrel projections make powerful monosynaptic connections with layer II/III cells (Feldman, 2000; Lubke et al., 2000) . The same neurons collateralize in the layer IV barrel domain (Feldmeyer et al., 1999; Petersen and Sakmann, 2000) . Neonatal deprivation produced by trimming only the principal D2 whisker and immediate surround D3 whisker caused neurons in layer II/III of the D2 barrel column to show a substantially reduced response to their principal whisker at maturity. In contrast, barrel neurons showed no decrease in sensory response to the neonatally deprived principal whisker input. In addition, barrel latencies to the principal whisker were virtually unaffected by deprivation. Indeed, it appears unlikely that thalamocortical transmission is compromised, because the proportion of responses occurring at the shortest latencies (Ͻ10 msec after stimulus) was unaltered. Therefore, deficits for the principal whisker input after neonatal deprivation appear to lie almost entirely in cortical circuitry communicating between layer IV and the supragranular layers. Spiny stellate neurons in layer IV serve a dual role: (1) enhancement of the magnitude of principal whisker responses and (2) feedforward excitation of supragranular neurons. It is unlikely, therefore, that impaired vertical transmission is attributable only to spiny stellate neurons in layer IV, because they responded as well as normal barrel neurons at similar latencies. Therefore, we propose a deficiency in the efficacy of synaptic transmission between barrels and supragranular layers. One hypothesis that has been proposed to produce this effect depends on abnormal timing of inputs from layer IV to layer II/III that change the EPSP action potential timing in ways that induce long-term depression more readily than long-term potentiation in layer II/III cells after short periods of sensory deprivation (Feldman, 2000) . The relationship linking timing-based modifications between layer IV-to-III neurotransmission and the deficits found in inhibitory neuron properties in layer IV barrels (Akhtar and Land, 1991) remains to be worked out.
In juvenile rats, plucking of all but one whisker throughout the neonatal period impairs the neuronal response to the intact whisker in supragranular layers much less than in layer IV neurons (Glazewski and Fox, 1996) . Our finding of no depression in layer IV may be attributable to the more mature age at which the animals were analyzed, or it may be because we always recorded from a deprived rather than a maintained barrel column. However, the same group more recently found that if more whiskers were left intact then layer IV responses to spared whiskers were unaffected, but the supragranular neurons were still depressed, which is similar to our findings (Glazewski et al., 1998) . Clearly, the timing, extent, and duration of the deprivation and the location (layer and barrel vs septum) of the cells analyzed are important variables to be addressed to differentiate the basis of these effects. Principal whisker response plasticity Three days of WP at maturity failed to alter the response magnitudes to principal whisker stimulation in the barrel or supragranular layers of either neonatally deprived or control animals. In all conditions, responses were consistently larger in deprived rats than in normal controls within neonatally deprived barrels (but not supragranular layers), which is similar to the findings of Simons and Land (1987) after the partial deprivation of C-row (or all except C-row) whiskers. With neonatal whisker removal, GAD staining (Welker et al., 1989) , GABA A -receptor activity (Fuchs and Salazar, 1998) , and GABAergic terminals on dendritic spines (Micheva and Beaulieu, 1997) decrease over several weeks in barrels of the afflicted whisker. We suggest that a fall in "infield" inhibition (Laskin and Spencer, 1979) for the whisker would develop in the deprived barrel, with disinhibition compensating for the deprivation effects.
WP plasticity: surround receptive-field changes Insights into receptive-field plasticity require knowledge of the origins of receptive-field responses, which theoretically could be generated by both thalamocortical and intracortical circuits.
Under conditions of testing and anesthesia similar to those used in our studies, surround receptive fields (SRFs) in layers I-IV have been shown by a number of criteria to depend for their expression on intracortical column-to-column activity, initiated by principal whisker discharges (Armstrong-James and Fox, 1994; Fox et al., 2001) . Furthermore, WP potentiation of SRFs of barrel-column neurons in layers I-IV has been shown to be local within barrel cortex, being prevented by local suppression of intracortical transmission during WP through NMDA-receptor blockade . Whisker deprivation plasticity in barrel cortex is also blocked by local application of muscimol , leaving thalamocortical transmission unaffected. These data support the idea that local intracortical circuitry between the principal D2 and surround D1/D3 cortical columns is critically modified by changed sensory experience.
All of our experiments compared changes in a single barrel column using various combinations of neonatal deprivation and subsequent use of the same whiskers that provide inputs to that column (principal D2 and surrounds D1 and D3). In normal adult rats, it has been established that surround inputs D1 and D3 give equivalent responses for D2 barrel columns (ArmstrongJames and Fox, 1987; , 1992 Diamond et al., 1993; Baskerville et al., 1997; Rema et al., 1998; Sachdev et al., 1998) . With 3-30 d of WP at maturity, there is a consistent shift toward the paired compared with the cut surround whisker for neurons in layers I-V (Armstrong-James et al., 1994; Diamond et al., 1994; Baskerville et al., 1997; Huang et al., 1998; Rema and Ebner, 1999) . This surround bias indexes one robust form of activity-dependent synaptic plasticity in the adult cortex.
We confirmed substantial surround bias for supragranular and barrel layers in normal WP animals, and we found similar changes in the barrel neurons of the WP neonatally deprived rats. However, adult plasticity of deprived surrounds failed almost entirely for supragranular neurons in the neonatally deprived rats; no surround bias was generated when pairing the principal whisker with the neonatally trimmed surround, and only a small bias was generated for pairing with the neonatally maintained surround-row whisker.
These failures of adult plasticity could be attributable in part to a deficit in feedforward excitation from principal inputs that generate surround receptive fields in neighboring columns. However, in barrels no decrement in principal whisker response occurred with any combination of neonatal deprivation. Because receptive-field bias to WP experience also occurred readily in normal barrels, we suggest that intracortical relays constructing SRFs between adjacent columns in barrels became potentiated in response to paired whiskers in a similar manner in both neonatally deprived and normal rats.
The components of cortical circuitry responsible for reduced plasticity in supragranular layers are less apparent. Because both the neonatally maintained and the deprived SRFs were reduced in neonatally deprived rats, transmission deficits for both surrounds appear to relate to deficiencies in the intracortical input circuitry to the D2 barrel column. In this sense, all supragranularlayer circuitry of the deprived D2 column is compromised, regardless of whether it participates in generating surround or center receptive fields. One might have predicted a significantly better performance for neonatally maintained surround inputs in supragranular layers through some form of compensation. The overall effect of these reductions would be to limit the horizontal integration of whisker inputs that are a hallmark of layer III connections in the cortex. However, it is important in this context to distinguish between intactness of sensory transmission, as measured by receptive-field size, and failure of synaptic modification that requires a plasticity "challenge" to demonstrate. Either or both could be affected in complex ways by early sensory deprivation. We conclude that the main impact of deprivation must be on the intracortical circuits linking the barrel columns that fail to develop appropriately with inadequate levels of activity during the early postnatal period.
